Alcoholism is a complex brain disease characterized by three distinct stages of the addiction cycle that manifest as neuroadaptive changes in the brain. One such stage of the addiction cycle is alcohol withdrawal and the negative affective states that promote drinking and maintain addiction. Repeated alcohol use, genetic predisposition to alcoholism and anxiety, and alcohol exposure during crucial developmental periods all contribute to the development of alcohol-induced withdrawal and negative affective symptoms. Epigenetic modifications within the amygdala have provided a molecular basis of these negative affective symptoms, also known as the dark side of addiction. Here, we propose that allostatic change within the epigenome in the amygdala is a prime mechanism of the biological basis of negative affective states resulting from, and contributing to, alcoholism. Acute alcohol exposure produces an anxiolytic response which is associated with the opening of chromatin due to increased histone acetylation, increased CREB binding protein (CBP) levels, and histone deacetylase (HDAC) inhibition. After chronic ethanol exposure, these changes return to baseline along with anxiety-like behaviors. However, during withdrawal, histone acetylation decreases due to increased HDAC activity and decreased CBP levels in the amygdala circuitry leading to the development of anxiety-like behaviors. Additionally, innately higher expression of the HDAC2 isoform leads to a deficit in global and gene-specific histone acetylation in the amygdala that is associated with a decrease in the expression of several synaptic plasticity-associated genes and maintaining heightened anxiety-like behavior and excessive alcohol intake. Adolescent alcohol exposure also leads to higher expression of HDAC2 and a deficit in histone acetylation leading to decreased expression of synaptic plasticity-associated genes and high anxiety and drinking behavior in adulthood. All these studies indicate that the epigenome can undergo allostatic reprogramming in the amygdaloid circuitry during various stages of alcohol exposure. Furthermore, opening the chromatin by inhibiting HDACs using pharmacological or genetic manipulations can lead to the attenuation of anxiety as well as alcohol intake. Chromatin remodeling provides a clear biological basis for the negative affective states seen during alcohol addiction and presents opportunities for novel drug development and treatment options.
Introduction
Alcohol use disorders (AUDs) effect a significant portion of the population in the US, with a yearly prevalence of 13.9% and a 29.1% lifetime prevalence in recent epidemiological studies (Grant et al., 2015) . AUDs are defined according to the 5th edition of Diagnostic and Statistical Manual of Mental Disorders (DSM-V) as patterns of ingestion and use involving tolerance to the effects of alcohol, craving, relapse from abstinence, and an inability to stop or reduce alcohol consumption patterns (American Psychiatric Association, 2013) . Globally, 3 .8% of all deaths and 4.6% of disability-adjusted life years, a measure of disease burden, are related to alcohol consumption (Rehm et al., 2009) .
AUDs pose an even greater risk due to their well-documented comorbidity with anxiety disorders and other psychiatric diagnoses. Across multiple cultures and populations, patients with diagnosed alcohol abuse and/or dependence are 2e3 times more likely to have an anxiety disorder when compared to the general population (Birrell et al., 2015; Lai et al., 2015; Swendsen et al., 1998) . Additionally, the presence of a diagnosed, unremitted anxiety and/or depressive disorder reliably predicts the first episode of alcohol dependence, and this relationship possibly interacts with sub-threshold alcohol use problems (Boschloo et al., 2013b) . Personality traits encompassing the domain of negative emotionality are more highly correlated with alcohol dependence when compared to impulsive personality domains, indicating a potentially causative, or more likely cyclical, relationship between anxiety and AUDs (Birrell et al., 2015; Boschloo et al., 2013a) . Additionally, age of first alcohol use in adolescents appears to be an important factor in promoting anxiety and AUD co-morbidity later in life. Early age of first alcohol use and later psychopathology are correlated (Grant et al., 2001) , and early onset of anxiety disorders predicts first alcohol use in the general population (Birrell et al., 2015) .
The social, economic, and individual burden exerted by AUDs and their comorbidity with anxiety highlights the need for increased understanding of the pathophysiology of the negative affective domains of alcohol addiction. Recent advances in the study of alcoholism have identified epigenetic pathways in the brain affected by various modes of alcohol exposure that modify neuronal morphology and are crucial for the development and maintenance of AUDs. Epigenetic processes involve chemical modifications of DNA and histones; particularly histone acetylation, histone methylation and DNA methylation mechanisms that are regulated by both acute and chronic ethanol exposure (Krishnan et al., 2014) . In this review, we discuss the current understanding of the development of alcohol addiction and attempt to expand these theories to incorporate epigenomic allostasis into the framework of negative affective states to understand the neurobiology of AUDs.
Conceptual framework for the development of alcohol addiction
A heuristic framework encompassing the development of alcohol dependence from both a neurobiological and pathophysiological perspective has been developed in the alcohol addiction field. In particular, George Koob and colleagues have advanced the understanding of alcoholism as a disease involving specific neurocircuitry that are altered by the effects of alcohol exposure and chronic stress in the brain (Koob, 2003 (Koob, , 2008 . He synthesized clinical and preclinical work to develop a heuristic framework composed of three distinct phases of the alcohol addiction cycle; 1) binge/intoxication, 2) withdrawal/negative affect, and 3) preoccupation/craving (Koob and Volkow, 2010) . Each of these phases involves neuroadaptive changes in brain circuitry which we will briefly describe here (Koob and Volkow, 2016) . For example, reward-related brain areas such as the ventral tegmental area (VTA), ventral pallidum, and nucleus accumbens (NAc) are involved in the binge/intoxication stage of acute alcohol use. Physiologically relevant ethanol concentrations directly increase the firing rate of dopaminergic VTA neurons (Brodie et al., 1990) . Human imaging studies show striatal dopamine and endogenous opioids are released in the vicinity of the NAc following acute alcohol exposure (Boileau et al., 2003; Mitchell et al., 2012; Yoder et al., 2007) .
The extended amygdala, composed of the central nucleus of the amygdala (CeA), bed nucleus of the stria terminalis (BNST), and a transitional zone of the NAc shell (Alheid, 2003) , integrates brain stress systems to produce negative affective states including anxiety and dysphoria during the withdrawal stages of alcohol addiction Volkow, 2016, 2010; Kyzar and Pandey, 2015) . Brain stress pathways are activated during the withdrawal stage following repeated alcohol exposure, characterized by increased corticotrophin releasing factor (CRF) in the CeA and other brain regions (Merlo Pich et al., 1995) , and injection of a CRF antagonist into the CeA can reduce ethanol self administration and the increased anxiety-like behaviors seen during withdrawal in ethanol-dependent rats (Funk et al., 2006; Koob, 2008) . Additionally, brain-derived neurotrophic factor (BDNF) is increased by acute ethanol and subsequently decreased during withdrawal after chronic ethanol exposure in the CeA, and infusion of BDNF into CeA is able to attenuate anxiety-like behaviors in ethanol withdrawn rats (Pandey et al., 2008a) . Dynorphin is a k-opioid agonist that is increased in the CeA and NAc during withdrawal from alcohol and is possibly associated with the increased dysphoria seen in alcoholwithdrawn patients (Koob, 2008) .
The third stage of alcohol addiction involves preoccupation with drug taking/intoxication. This stage of the cycle involves neuroadaptation of cortical regions such as the prefrontal and orbitofrontal cortex as well as limbic structures with cortical connections Volkow, 2016, 2010) . The preoccupation stage of addiction also involves stress systems such as CRF in the extended amygdala circuitry (Shaham et al., 2003) , and centrallyadministered CRF antagonists can reduce ethanol selfadministration after abstinence from chronic ethanol vapor exposure (Valdez et al., 2002) .
Allostatic load and alcohol addiction
"Allostatic load" refers to the total burden of stress placed on an individual (McEwen, 1998; McEwen and Gianaros, 2011) . Acute alcohol exposure leads to release of dopamine and opioid peptides in the NAc, as mentioned above, which is associated with the rewarding properties of alcohol as a stimulus. However, with repeated exposure to alcohol, the drug is consumed more often to avoid the negative reinforcing properties of alcohol withdrawal rather than to experience the positive reinforcement of acute alcohol-induced reward. This switch is a consequence of the allostatic load accrued during alcohol abuse, and is a crucial component in the progression from casual alcohol use to alcohol dependence and addiction (Koob, 2003; Koob and Le Moal, 2001) . Notably, as an individual progresses from low levels of alcohol use to higher levels of use indicative of abuse and dependence, neuroadaptation occurs in discrete neurocircuitry (Koob and Volkow, 2010; Kyzar and Pandey, 2015) . These structural and molecular changes that occur in the brain promote the continued consumption and abuse of alcohol, causing increasingly more severe neuroadaptive consequences. While these changes occur at all stages of the addiction cycle, the withdrawal/negative affective stage, also known as the "dark side" of addiction, has been singled out as a model from which to develop drugs targeting AUDs (Koob and Mason, 2016) .
Utility of preclinical animal models in investigating the dark side of addiction
Preclinical animal models have proven especially useful in investigating the neural substrates of the negative affective states associated with alcohol withdrawal. Principal among these phenotypes is anxiety, which is rapidly induced upon alcohol withdrawal and is a primary motivating factor for relapse and further alcohol consumption (Koob et al., 2014; Pandey, 2003; Zimmermann et al., 2003) . As both anxiety-related behavior and alcohol preference/consumption can be reliably measured in animal models, researchers are able to probe the neuroadaptations that occur after alcohol abuse and correlate with the dark side of addiction.
As mentioned above, the negative affective domain of alcohol addiction plays a role in maintaining the vicious cycle of addiction, as anxiety and depression can promote alcohol drinking behavior (Boschloo et al., 2013a,b) until an individual becomes dependent and ceases alcohol intake. At this juncture, alcohol withdrawal can lead to the development of anxiety and depressive symptoms, thus promoting alcohol intake as means to avoid withdrawal symptoms and improve negative affect. The extended amygdaloid circuitry, particularly the CeA, is crucial to the behavioral expression of these alcohol-induced affective states . Recent studies in the epigenetic field provide a novel molecular basis for the actions of alcohol, as acute alcohol and withdrawal from chronic ethanol exposure modify chromatin architecture bidirectionally in the amygdala. By either closing or opening the epigenome pharmacologically, alcohol-induced anxiolysis and alcohol withdrawalinduced anxiety-like behavior can be altered (Pandey et al., 2008a Sakharkar et al., 2012; Teppen et al., 2016; You et al., 2014) . The changes seen in the epigenome serve as a molecular correlate and potential drug development target for the negative affective domain of alcohol addiction (Fig. 1) .
Here, we describe the epigenetic, molecular, neuronal, and behavioral adaptations associated with the dark side of alcohol addiction in preclinical models and focus on developing novel treatments to target commonly affected pathways. The models discussed herein generally fall into four categories of alcohol exposure: 1) acute alcohol exposure; 2) repeated alcohol exposure; 3) genetic predisposition to alcohol addiction, and; 4) developmental exposure to alcohol. The primary goal of this review is to develop a model that integrates the observed epigenetic and neuronal adaptations seen in alcohol addiction with the heuristic framework of addiction and allostasis developed previously (Koob, 2003; Koob and Volkow, 2016) . 3 . Acute alcohol exposure, anxiolysis and the epigenome
Effects of acute alcohol on anxiety and behavioral responses
Alcohol consumption is widespread worldwide, and many people are able to regularly consume alcohol without developing dependence or abuse. However, acute alcohol causes alterations in cellular and molecular pathways in the brains of both addicted and non-addicted individuals, such as the well-studied ability of acute alcohol to increase dopamine neurotransmission in the brain reward circuitry (Boileau et al., 2003; Brodie et al., 1990) , and these neuroadaptations go on to change behavior. For example, alcohol is often consumed for its positive effects with regard to social facilitation in humans (Beck and Treiman, 1996) , and this effect is also seen in rodent models of acute alcohol exposure (Varlinskaya and Spear, 2002) .
The effect of acute alcohol is not, however, limited to the mesolimbic dopamine pathway. Acute alcohol is a potent anxiolytic in both humans and rodents (Gilman et al., 2008; Moonat et al., 2011; Pandey et al., 2008a; Peterson et al., 1990) , implicating limbic structures such as the extended amygdala in the response to acute alcohol intoxication. Given the anxiolytic profile of acute alcohol exposure with regards to both novelty-induced and sociallyinduced anxiety, it follows that specific cellular and molecular changes occur in the extended amygdala corresponding to these behavioral changes.
Effects of acute alcohol on amygdalar signaling pathways occur via epigenetic remodeling
Acute alcohol reduces anxiety-like behavior in various animal models (Moonat et al., 2011; Pandey et al., 2008a,b) , and also effects numerous signaling cascades that may explain the behavioral responses (Moonat et al., 2010) . The cyclic AMP response element binding protein (CREB) signaling pathway is rapidly induced during neuronal depolarization and other types of neuronal activation by the Ga subunit of G-protein-coupled receptors (GPCRs) and calcium signaling (Carlezon et al., 2005) . In addition to its anxiolytic effects, acute alcohol activates CREB pathway signaling in the amygdala within one hour of exposure (Pandey et al., 2008a,b) . In particular, phosphorylated CREB (pCREB), the active form of the transcription factor, and the histone acetyltransferase CREB-binding protein (CBP) are both increased in the CeA and medial nucleus of the amygdala (MeA) (Pandey et al., 2008a,b) .
Notably, the CREB target genes brain-derived neurotrophic factor (Bdnf), activity-regulated cytoskeleton-associated protein (Arc), and neuropeptide Y (Npy) are all increased in the amygdala upon acute alcohol exposure corresponding with anxiolytic behavioral effects (Pandey et al., 2008a,b) . The question emerged as to how the cellular signaling effects of alcohol on CREB and other kinases were related to downstream gene activation and the potential involvement of epigenetic mechanisms. CBP and its cofactor p300 are known histone acetyltransferases, covalently adding acetyl groups to histone tails in a manner that decreases interactions between adjacent chromatin complexes, opening the DNA to be read by transcription factors, and thereby facilitating increased transcription (Bannister and Kouzarides, 1996; Krishnan et al., 2014; Ogryzko et al., 1996) . Predictably, global acetylation of histones H3 and H4 is increased in the CeA and MeA of rats exposed to acute alcohol. This corresponds with decreased activity of histone deacetylases (HDACs), a group of enzymes that remove these activating acetyl groups from chromatin, in the amygdala of rats (Pandey et al., 2008a , Sakharkar et al., 2012 . These initial studies were the first to suggest that epigenetic remodeling is involved in acute alcohol exposure in the amygdala and identified HDACs as a potential hub for chromatin modifications related to anxiety and addiction ( Fig. 1 ). In addition, rapid tolerance to the anxiolytic effects of ethanol develops and is associated with molecular tolerance at the level of HDACs and histone acetylation in the amygdala of rats. Treatment with an HDAC inhibitor, trichostatin A (TSA), reverses the rapid tolerance to the anxiolytic effects of ethanol on histone acetylation in the amygdala (Sakharkar et al., 2012) .
In addition to DNA and histone modifications, microRNAs (miRNAs) work to regulate both transcription and translation by binding to mRNAs, and in some cases to genomic DNA, and either stabilizing or destabilizing the transcript (He and Hannon, 2004) . A recent microarray study identified a novel miRNA, miR-494, as operative in the effect of acute alcohol in the amygdala via its regulation of anxiolysis . Acute alcohol reduced miR-494 in the amygdala, which is responsible for increased transcript levels of its target genes Cbp, p300, and Cbp/p300-interacting transactivator 2 (Cited2) and thus increased histone acetylation. Infusion of a specific antagomir to miR-494 directly into the CeA mimics the anxiolytic effect of acute alcohol via induction of Cbp, p300, and Cited2 and the resulting increase in histone acetylation . This data points to the existence of miRNAepigenome regulatory loops in mature neurons, such as those observed during neuronal differentiation Sun et al., 2011) , that control specific transcriptional states and present opportunities for new epigenetic-based drug development. Amygdaloid miR-494 may serve as a molecular target responsible for regulating chromatin remodeling and negative affective states. Future studies are needed to explore these possibilities in an alcohol dependence model.
Chronic alcohol exposure-induced withdrawal is anxiogenic and condenses the epigenome
Alcohol addiction involves chronic ingestion of the drug despite the negative consequences encountered. While acute ethanol opens the chromatin in the amygdala, sustained exposure to ethanol causes neuroadaptations that normalize the effects of Fig. 1 . The epigenetic allostasis model of the dark side of alcohol addiction. The epigenome is dynamically altered by acute alcohol, chronic alcohol, and alcohol withdrawal in the amygdala and is crucial for the progression from casual use to addiction. Acute alcohol exposure opens the chromatin by inhibiting histone deacetylases (HDACs), thereby increasing histone acetylation and expression of crucial synaptic plasticity-related genes such as brain-derived neurotrophic factor (Bdnf), activity regulated cytoskeleton-associated protein (Arc), and neuropeptide Y (Npy) in the amygdala, leading to anxiolysis. However, these biological parameters normalize (¼) with continued alcohol exposure. During ethanol withdrawal, HDAC activity is increased leading to condensed chromatin structure and decreased expression of these genes as well as dendritic spine density. As the amygdala controls negative affective states, amygdalar chromatin conformation is critical for the development of anxiety seen in ethanol-withdrawn animals. Additionally, the condensed chromatin state is associated with greater ethanol preference and self-administration, ostensibly to relieve the negative affective states experienced. This switch from consuming alcohol for its pro-social, anxiolytic effects to drinking as a means to relieve negative affective states is critical to the addiction cycle and is reflected in the underlying epigenome of the amygdala (Krishnan et al., 2014; Pandey et al., 2008a,b; Sakharkar et al., 2012; You et al., 2014). ethanol on brain circuits and create behavioral tolerance (Kyzar and Pandey, 2015; Sakharkar et al., 2012, Fig. 1) . A crucial step in the transition from casual alcohol use to alcohol dependence and addiction is the switch from social consumption of alcohol for its rewarding effects to the consumption of alcohol in order to avoid the negative affective states, such as anxiety, that result from withdrawal (Koob, 2003; Koob et al., 2014; Koob and Volkow, 2010) . The proposed epigenetic allostatic model fits nicely with the progression of the anxiolytic effects associated with casual alcohol drinking to the development of anxiety-like behaviors related to dependence (Fig. 1) .
Withdrawal from chronic ethanol treatment leads to a molecular phenotype that is opposite that of acute alcohol in the amygdala; namely, decreased pCREB, CBP, histone H3 and H4 acetylation, and synaptic plasticity-associated gene expression (Bdnf, Arc and Npy) as well as decreased dendritic spines. HDAC activity is also increased in the amygdala during the withdrawal period, while it is inhibited by acute ethanol exposure and normalized by chronic ethanol exposure in rats. The behavioral outcome of this molecular phenotype is markedly increased anxiety, which has been reported in numerous preclinical studies and is a hallmark of clinically significant withdrawal-related negative affect (Baldwin et al., 1991; Funk et al., 2007; Grant et al., 2015; L€ ack et al., 2007; Valdez et al., 2002) . The HDAC inhibitor TSA reverses the anxiety-like behaviors seen in these animals (Pandey et al., 2008a) . SAHA, another HDAC inhibitor, and 5-azacitidine (5-aza), a DNA methyltransferase (DNMT) inhibitor, are both effective in limiting excessive binge-like alcohol drinking in rodent models . Additionally, NPY, BDNF and Arc protein and mRNA levels, along with tropomyosin receptor kinase B (TrkB; the receptor for BDNF), are decreased in the CeA and MeA during ethanol withdrawal (Pandey et al., 2008a,b; You et al., 2014) . BDNF infusion into the CeA during ethanol withdrawal attenuates anxiety-like behaviors and normalizes BDNF signaling in the CeA of rats (Pandey et al., 2008b) . TSA is also able to reverse BDNF, Arc and NPY expression deficits, along with the decreased dendritic spine density seen in the amygdala of alcohol-withdrawn rats (Pandey et al., 2008a; You et al., 2014) . The deficits seen in dendritic spine morphology in the amygdala during ethanol withdrawal mimic those seen in neuronal culture models and in other brain regions such as the NAc (Carpenter-Hyland and Chandler, 2006; Spiga et al., 2014a Spiga et al., , 2014b . These results suggest that acute and chronic ethanol exposure cause chromatin and synaptic remodeling in the amygdala, which is correlated with the anxiolytic and anxiogenic effects of acute ethanol exposure and withdrawal, respectively (Fig. 1) .
Though much research discussed above on epigenetics has focused on histone acetylation, histone methylation plays an important role in gene regulation and is crucial in mediating chromatin conformation over multiple temporal scales (Krishnan et al., 2014) . Histone methylation can either enhance or repress transcription of the underlying DNA sequence depending on the residue modified. For example, histone H3 lysine 9 dimethylation and trimethylation (H3K9me2/3) and H3K27me3 are considered repressive marks to transcription, while H3K4me2/3 is considered a mark of actively transcribed chromatin (Kouzarides, 2007; Krishnan et al., 2014) . Interestingly, genome-wide association studies (GWAS) have identified the genomic region encompassing the histone demethylase KDM4C gene as a hotspot associated with alcohol withdrawal symptoms (Wang et al., 2012) . As research into the negative affective states seen during alcohol withdrawal and addiction continues, additional epigenetic modifications such as histone methylation, phosphorylation, and others may emerge as novel biomarkers of alcohol-induced anxiety in brain circuits such as the amygdala (Krishnan et al., 2014; Berkel and Pandey, 2017) .
Genetic predisposition to alcohol addiction and anxiety

Clinical overview of AUD genetics
The heritability of AUDs and associated phenotypes is estimated at 50e60% across populations (McGue, 1999; Slutske et al., 1999) , indicating that genetic variation plays a significant role in the pathophysiology of these and related disorders. While GWAS have identified specific hotspots that encode risk for AUD such as Nmethyl-D-aspartate (NMDA) receptor subunit 2B (GRIN2B) and aldehyde dehydrogenase 2 (ALDH2), most genetic risk for AUD is the result of common variation in hundreds of different genes (Forero et al., 2015; Heath et al., 2011; Kim et al., 2006) .
As with other psychiatric diseases with genetic contributions, the behaviors that lead to AUDs occur more often in individuals with greater genetic risk for alcoholism. That is, a high genetic load resets an individual's baseline AUD risk and encourages greater alcohol consumption. This genetic risk involves neuronal pathways that are similar to those involved in the action of acute and chronic alcohol exposure.
Animal models of genetic risk for AUD display altered epigenomic conformation
In order to study the genetic risk for AUD in laboratory animals, researchers have selectively bred rodent stains to isolate alcoholpreferring animals from non-preferring animals. Interestingly, alcohol-preferring (P) rats display increased alcohol preference but also increased baseline anxiety-like behaviors compared to their non-preferring (NP) control rats (Stewart et al., 1993; Pandey et al., 2005; Moonat et al., 2011) . A separate strain of rats also bred for alcohol preference, the Sardinian alcohol-preferring (sP) rats, also displays increased anxiety-like behaviors compared to Sardinian non-preferring control rats (sNP) (Colombo et al., 1995) . An acute dose of alcohol is anxiolytic in P rats compared to baseline, but has no effect in NP rats (Moonat et al., 2011 (Moonat et al., , 2013 Stewart et al., 1993) . P rats treated with an acute dose of alcohol display levels of anxietylike behavior that resemble untreated NP control rats, indicating that P rats may consume more alcohol to compensate for an increased susceptibility to anxiety and negative affective states.
Genetic models of alcohol addiction display altered neuronal signaling pathways in limbic circuitry that correspond with their increase in anxiety-like behaviors. For example, sP rats show increased levels of the pro-stress peptide corticotrophin-releasing factor (CRF) in the amygdala while P rats display decreased amygdalar CRF but increased CRF release in response to exogenous CRF administration (Ehlers et al., 1992; Richter et al., 2000) . P rats also show decreased levels of the anxiolytic peptide NPY in the amygdala and hippocampus (Ehlers et al., 1998; Zhang et al., 2010) . Infusion of NPY directly into the CeA of P rats causes anxiolysis and decreases alcohol intake as well as increased NPY expression likely due to increased pCREB levels (Zhang et al., 2010) . In addition to NPY, other CREB target genes including BDNF and Arc show decreased mRNA and protein levels in the CeA and MeA of P rats compared to NP rats (Moonat et al., 2011; Prakash et al., 2008) . As these proteins are crucial for the formation and maintenance of synapses, P rats show decreased dendritic spine density in both the CeA and MeA that returns to baseline (NP-like) levels with a single exposure to acute alcohol (Moonat et al., 2011) . Levels of BDNF and Arc in the amygdala also return to control-like levels with a single dose of alcohol in P rats (Moonat et al., 2011) .
Recent research suggests that global alterations to epigenetic machinery may underlie the transcriptional and circuit-level deficits seen in the amygdala of P rats and their ultimate contribution to increased alcohol consumption and anxiety-like behavior. P rats display higher HDAC activity in the amygdala that is the result of increased baseline expression of HDAC2, but not HDACs 1, 3, 4, 5 or 6, leading to a global decrease in activating H3K9, but not H3K14, acetylation in the CeA and MeA (Moonat et al., 2013; Sakharkar et al., 2014b) . Acute alcohol exposure decreases HDAC2 expression in the amygdala of P rats, normalizing global histone acetylation levels, gene specific (Bdnf and Arc) histone acetylation, and producing anxiolytic effects. The HDAC inhibitor TSA is able to normalize the increased anxiety and alcohol drinking seen in P rats, ostensibly by reducing nuclear HDAC activity due to decreased HDAC2 expression in the amygdala and increased H3K9 acetylation in the CeA and MeA (Sakharkar et al., 2014b) . TSA treatment also normalizes the deficits in H3K9/14 acetylation at the Npy gene promoter and Npy expression in the amygdala of P rats without producing any effects in NP rats. Interestingly, infusion of an Hdac2-specific siRNA directly into the CeA mimics the effect of acute alcohol by normalizing global and gene-specific histone acetylation, BDNF and Arc protein levels, dendritic spine density, and the increased alcohol preference and anxiety-like behavior seen at baseline in P rats (Moonat et al., 2013) . This data suggests that innately higher expression of HDAC2 in the amygdala of alcoholpreferring rats condenses the chromatin around a specific genetic network to regulate synaptic remodeling that is crucial for the interplay between alcohol consumption and anxiety-like behavior. Additionally, the genetic risk for alcoholism may be at least partially encoded by genetic variation that effects the expression and functionality of epigenetic enzymes. The genetic risk for alcoholism increases the likelihood of harmful patterns of alcohol ingestion, and by extension the overall risk for AUD diagnosis (Fig. 2) . Interestingly, over-expression of HDAC2 in the hippocampus causes Fig. 2 . Innately condensed chromatin leads to negative affective states and alcoholism. Animals bred for alcohol preference, such as alcohol-preferring (P) rats, display increased histone deacetylase (HDAC) activity and HDAC2 levels in the amygdala compared to non-preferring (NP) rats, leading to decreased histone acetylation around synaptic plasticity-related genes such as brain-derived neurotrophic factor (Bdnf) and activity regulated cytoskeleton-associated protein (Arc). The resultant decrease in BDNF and Arc expression contributes to decreased amygdaloid synaptic plasticity, increased anxiety-like behaviors, and increased alcohol preference. However, HDAC inhibition by trichostatin A (TSA) or specific inhibition of HDAC2 via small interfering RNA (siRNA) normalizes the histone acetylation deficits in the amgydala of P rats and also attenuates anxiety-like and alcohol drinking behaviors (Moonat et al., 2013; Sakharkar et al., 2014b). decreased LTP, dendritic spines and synapse number whereas HDAC2 knockout is associated with increased LTP, dendritic spines, and synapse number in the hippocampus (Guan et al., 2009) . Together, these studies highlight the crucial role of HDAC2 gene in synaptic remodeling and the phenotypes of anxiety, alcoholism and cognition in animal models.
Developmental alcohol exposure causes long-lasting alterations to anxiety and drinking behavior
Exposure to alcohol during crucial developmental periods can cause lasting consequences to neurocircuits and behavior. It has long been appreciated that exposure to alcohol in utero leads to fetal alcohol spectrum disorders (FASD), but more recent research has concluded that exposure to alcohol during adolescence also causes long-lasting alterations to brain and behavior (Coriale et al., 2013; Kyzar et al., 2016a) . Both FASD and adolescent alcohol exposure cause changes in the expression of epigenetic enzymes and chromatin conformation.
Epigenetic alterations in FASD
FASD is defined as a group of disorders resulting from in utero alcohol exposure characterized by altered facial appearance, microcephaly, intellectual disability, behavioral issues, and an increased propensity towards risky behaviors including alcohol abuse (Coriale et al., 2013; Sokol et al., 2003) . Preclinical studies show that fetal alcohol exposure causes long-lasting effects, particularly in the hypothalamus, that affect an individual's ability to respond to stressful stimuli (Govorko et al., 2012) . In particular, fetal alcohol exposure increases repressive histone marks such as H3K9me2 and DNA methylation and decreases activating histone marks such as acetylation and H3K4me2 specifically around the pro-opiomelanocortin (Pomc) gene, which is a crucial player in the stress-responsive hypothalamic-pituitary-adrenal (HPA) axis and alters stress-related behaviors in adulthood (Bekdash et al., 2014; Govorko et al., 2012) . Interestingly, these epigenetic effects can be mitigated by choline supplementation during the fetal period (Bekdash et al., 2013) . The brain-specific changes in Pomc expression and promoter modifications, as well as behavioral changes seen in animals exposed to fetal alcohol, are passed along through the male germline transgenerationally, indicating that epigenetic alterations may contribute to the inherited risk for stress-related alcohol addiction (Govorko et al., 2012; Sarkar, 2016) .
As mentioned above, the hypothalamus is crucial for the response to stress, and many neurobehavioral studies of FASD have focused on this brain area. Importantly, the hypothalamus and the amygdala, as well as other crucial limbic regions, are highly interconnected and function in tandem to modulate the stress response (Buijs and Van Eden, 2000; Ulrich-Lai and Herman, 2009). Future studies into the epigenetic effects of FASD should also investigate the involvement of the extended amygdala in individuals exposed to fetal alcohol and also in the potential transgenerational epigenetic effects of fetal alcohol exposure.
Adolescent ethanol exposure increases risk for alcoholism and anxiety in adulthood and alters the amygdalar epigenome
Adolescence is a critical period for brain development (Keshavan et al., 2014; Kyzar et al., 2016a; . While most organs do not undergo noteworthy changes during the lifespan with regards to structure and function, the brain goes through important changes during early life and adolescence. Specifically, adolescence sees a decrease in the amount of grey matter due to synaptic pruning and an increase in white matter due to ongoing myelination (Keshavan et al., 2014) . Additionally, evolutionarily older structures such as the limbic system mature at a more rapid rate that the phylogenetically younger executive control structures in the prefrontal cortex, leading to behavioral manifestations including increased risk-taking and abuse of alcohol and other drugs (De Bellis et al., 2005; Keshavan et al., 2014) . These individual scale changes manifest on a sociocultural scale in the high prevalence of binge drinking, where alcohol consumption raises blood ethanol content above 80 mg/dL during a single drinking session, during adolescence and young adulthood (Lopez-Caneda et al., 2014; Miller et al., 2007; Patrick et al., 2013) .
Epidemiological studies show that binge drinking during adolescence increases the risk for alcohol problems and AUD diagnosis during adulthood. In particular, individuals first exposed to alcohol during ages 11e14 have a 10e15 fold increased risk of developing alcohol dependence in adulthood compared to individuals who had their first experience with alcohol at age 19 or later (DeWit et al., 2000; Grant et al., 2001 ). This increased environmental risk has led researchers to use animal models to investigate the neuroadaptations occurring in the brain of adolescents exposed to alcohol that may persist until adulthood and exert lasting effects on behavior (Kyzar et al., 2016a) . Importantly, numerous independent studies show that exposure to alcohol during adolescence increases the preference for alcohol in adulthood compared to non-ethanol exposed animals, thus recapitulating the clinical phenotype observed in epidemiological studies (Alaux-Cantin et al., 2013; Broadwater and Spear, 2013; Gilpin et al., 2012; Pandey et al., 2015; . Additionally, adults exposed to repeated and/or intermittent binge-like concentrations of ethanol in adolescence respond less aversively and more positively to ethanol exposure in adulthood (Kyzar et al., 2016a; Spear and Swartzwelder, 2014) . Finally, exposure to the same schedule of alcohol later in life does not appear to cause the persistent effects seen after adolescent exposure, indicating that a critical period of neurodevelopment exists with regard to the effects of alcohol on the brain (Spear and Swartzwelder, 2014; Vetreno et al., 2014) .
The behavioral alterations seen in adult rodents exposed to adolescent alcohol are indicative of long-lasting adaptations in neural circuitry responsible for the regulation of negative affective states. Other groups have investigated the involvement of epigenetic mechanisms in executive regions such as the prefrontal cortex in adulthood after adolescent alcohol, finding for instance that DNA methylation and neuroimmune mechanisms are likely involved (Barbier et al., 2015; Montesinos et al., 2016) . However, for the sake of this review we focus on the long-lasting changes seen in limbic circuitry such as the amygdala.
Acute alcohol exposure in adolescent rats produces anxiolytic effects and inhibits HDAC activity in the amygdala. However, adolescent rats require a higher dose of ethanol as compared to adult rats to produce anxiolytic effects and inhibition of HDAC activity in the amygdala (Sakharkar et al., 2012 (Sakharkar et al., , 2014a . Adolescent intermittent ethanol (AIE) exposure (8 total intraperitoneal (i.p.) injections of 2 g/kg alcohol on a 2 days on/2 days off schedule during postnatal days (PND) 28e41) leads to increased anxiety-like behaviors and alcohol preference in adulthood along with increased HDAC2 in the CeA and MeA . This is accompanied by decreased histone acetylation both globally and at the promoters of Bdnf and Arc, leading to decreased BDNF and Arc expression and a decrease in dendritic spine density. The increased anxiety-like behaviors and increased alcohol preference as well as deficits in histone acetylation (H3K9/14 acetylation) at the Bdnf and Arc promoters in the amygdala seen in AIE adults are abolished during treatment with the HDAC inhibitor TSA . It is interesting to note that AIE-induced increases in HDAC2 and deficits in histone acetylation (H3K9) and anxiety-like behaviors during the 24 h after initial withdrawal after last AIE persistent into adulthood, suggesting that AIE produces enduring effects on HDAC2-induced chromatin remodeling in the amygdala and anxiety-like behaviors in rats .
TSA treatment also reverses the decreased histone acetylation seen in the CA1, CA2, and CA3 regions of the hippocampus after AIE that is likely a result of increased HDAC activity in the hippocampus . In addition to histone acetylation, AIE causes a long-lasting decrease in lysine-specific demethylase 1 Fig. 3 . Alcohol exposure during development leads to persistent changes in epigenetic mechanisms in the amygdala and produces long-lasting anxiety and excessive alcohol intake in adulthood. Exposure to adolescent intermittent ethanol (AIE) during this critical developmental period causes increased HDAC2 in the amygdala leading to decreased global and Bdnf-and Arc-specific histone acetylation. Decreased BDNF and Arc expression in the adult amygdala of AIE animals is accompanied by increased alcohol preference and anxiety-like behaviors. Aside from histone acetylation, lysine demethylase 1 (LSD1) and particularly the neuron-specific splice variant Lsd1þ8a, are decreased in the AIE adult amygdala. This decrease is accompanied by a resultant increase in histone H3K9 dimethylation (H3K9me2) both globally and at the Bdnf exon IV promoter, possibly explaining the decreased BDNF expression seen in these rats. Thus, increased HDAC2 and decreased LSD1 associated with AIE-induced chromatin remodeling may provide novel targets for intervention in alcohol addiction and comorbid anxiety. Interestingly, HDAC inhibitor treatment in adulthood attenuates anxiety-like and alcohol drinking behaviors and also normalizes deficits in histone acetylation of Bdnf and Arc gene promoters in the amygdala (Kyzar et al., 2016a, b; Pandey et al., 2015; Sakharkar et al., 2014a). (LSD1), and in particular the neuron-specific splice variant termed LSD1þ8a for its inclusion of mini-exon 8a into the full-length transcript (Kyzar et al., 2016b; Zibetti et al., 2010) . Additionally, repressive H3K9me2 is increased in the CeA and MeA of adult AIE rats compared to control rats, with no change observed in the activating H3K4me2 mark. Interestingly, acute alcohol exposure in adulthood is anxiolytic in saline-exposed control (AIS) rats, but normalizes the increased anxiety-like behavior in AIE rats while also normalizing amygdala Lsd1þ8a mRNA expression and H3K9me2 occupancy at the Bdnf exon IV promoter (Kyzar et al., 2016b) . This resembles the normalization of anxiety-like behavior in P rats after a single dose of acute alcohol (Moonat et al., 2011 (Moonat et al., , 2013 , possibly indicating shared pathophysiology via common epigenetic mechanisms. These results further implicate condensed chromatin confirmation due to increased HDAC2 and decreased LSD1þ8a in the amygdala in the expression of alcohol-and anxietyrelated behaviors, and also demonstrate the potential efficacy of epigenetic drugs such as HDAC inhibitors in the treatment of alcoholism and comorbid anxiety (Fig. 3) .
Conclusion
In this review, we consolidate recent findings regarding epigenetics and chromatin conformation in brain structures responsible for the regulation of negative affective states, such as the amygdala, into the existing heuristic framework of the allostatic model of alcohol addiction. Acute alcohol exposure is anxiolytic and inhibits HDAC activity, increases histone acetylation, and increases expression of genes such as Bdnf, Arc, and Npy, leading to an increase in dendritic spine density in the amygdala. However, with repeated ethanol exposure these parameters adapt and return to baseline levels until ethanol is no longer administered. During withdrawal, the chromatin condenses partly as a result of increased HDAC activity and decreased histone acetylation, leading to decreased expression of same genes and dendritic spine density in the amygdala and development of anxiety-like behaviors (Pandey et al., 2008a; You et al., 2014 ; Fig. 1 ). Animals bred for their alcohol preference (e.g., P and sP rats) show increased baseline anxiety-like behaviors correlating with a condensed chromatin structure due to higher HDAC2 expression and decreased dendritic spines and synaptic plasticity-associated gene expression in the amygdala (Fig. 2) . Notably, HDAC inhibitors and HDAC2 siRNA are able to reverse the molecular and circuit-level deficits in P rats leading to normalization of anxiety-like behavior and attenuation of excessive alcohol intake (Moonat et al., 2013; Sakharkar et al., 2014b) . Lastly, exposure to alcohol during fetal development and adolescence causes alterations to the epigenetic machinery in brain areas involved in controlling negative affective states. In particular, adolescent alcohol exposure increases HDAC2 levels and decreases LSD1þ8a levels in the amygdala at adulthood leading to decreased histone acetylation and increased H3K9me2 correlated with decreased dendritic branching, increased alcohol preference and anxiety-like behaviors that, again, are corrected with HDAC inhibitor treatment (Fig. 3) .
These studies point to a novel molecular model that integrates anxiety-like behavior, alcohol consumption, and limbic function. During alcohol-induced anxiolysis, the chromatin in the amygdala is open, allowing for the expression of neurotrophins and other genes involved in synaptic function. However, during withdrawal ( Fig. 1 ), or alternatively with the introduction of genetic or environmental risk factors for alcohol abuse (Figs. 2 and 3) , the chromatin in the amygdala is condensed around genes including Bdnf and Arc leading to a decrease in the number of dendritic spines and increase anxiogenesis.
Future directions regarding the epigenetic modulation of alcohol consumption, anxiety, and other affective states will be greatly influenced by novel genomic technologies. For example, recent studies used epigenetic enzymes fused to zinc finger proteins to specifically modify the chromatin at distinct genetic loci involved in drug addiction (Heller et al., 2016 (Heller et al., , 2014 Kyzar and Banerjee, 2016) . The ability to experimentally modify specific segments of chromatin will allow researchers to associate causality with epigenetic modifications with regard to behavioral effects, thereby opening novel pathways for drug delivery and development. Finally, further epigenetic research into the interplay between alcoholism and other psychiatric diagnoses will bring clarity to the neuroscience field and allow scientists to better understand the molecular and cellular functions of the amygdala and other complex brain regions.
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